In the last three years, magnetic reconnection research in the MAST spherical tokamak achieved major progress by the use of new 32 chord ion Doppler tomography and 130 channel YAG and 300 channel Ruby Thomson scattering diagnostics. In addition to the previously achieved high power plasma heating during merging, detailed full temperature profile measurements including the diffusion region have been achieved for the first time. 2D imaging measurements of ion and electron temperature profiles have revealed that magnetic reconnection mostly heats ions globally in the downstream region of outflow jet and electrons locally around the X-point. The toroidal field in MAST "over 0.3T" strongly inhibits cross-field thermal transport, and the characteristic peaked electron temperature profile around the X-point is sustained on a millisecond time scale. In contrast, ions are mostly heated in the downstream region of outflow acceleration and around the stagnation point formed by reconnected flux mostly by viscosity dissipation and shock-like compressional damping of the outflow jet. Toroidal confinement also contributes to the characteristic ion temperature profile, forming a ring structure aligned with the closed flux surface. There is an effective confinement of the downstream thermal energy due to a thick layer of reconnected flux. The characteristic structure is sustained for longer than an ion-electron energy relaxation time ($4 ms), and the energy exchange between ions and electrons contributes to the bulk electron heating in the downstream region. The toroidal guide field mostly contributes to the formation of a localized electron heating structure around the X-point but not to bulk ion heating downstream. 
I. INTRODUCTION
Magnetic reconnection is a fundamental process, which converts the magnetic energy of anti-parallel reconnecting fields to kinetic and thermal energies of plasmas through the breaking and topological rearrangement of magnetic field lines.
1,2 This process is known as an effective way of converting magnetic energy into plasma energy in proportion to the square of the reconnecting field / B 2 rec .
3 Recent satellite observations of solar flares also revealed several important signatures of reconnection heating. In the solar flares, hard X-ray spots appear at loop-tops of coronas together with another two foot-point spots on the photosphere. The looptop hot spots are considered to be caused by fast shocks formed in the down-stream of reconnection outflow. 4 The 2D imaging measurements of the Hinode spectrometer documented a significant broadening of the Ca line downstream of reconnection. 5 These phenomena suggest direct ion heating by reconnection outflow. On the other hand, the V-shaped high electron temperature region was found around the X-line of reconnection as possible evidence of the slow shock structure. 6 However, those heating characteristics of reconnection are still under serious discussion because of the absence of (or limited) in-situ diagnostics for astrophysical reconnection events. Since 1986, the merging of two toroidal plasmas (flux tubes) has been studied in a number of experiments: TS-3, 7, 8 START, 9 MRX, 10 SSX, 11 VTF, 12 TS-4, 13 UTST, 14, 15 and MAST. 16 For those laboratory experiments, evidence of plasma acceleration toward the outflow direction was observed as a split line-integrated distribution function in 0D, 17 1D, and 2D bidirectional toroidal acceleration during counter helicity spheromak merging 18, 19 and in-plane Mach probe measurement around the X-point with and without the guide field. [20] [21] [22] In the recent TS-3 experiment, 2D ion and electron heating characteristics were revealed 23, 24 as bulk heating of ions downstream and localized electron heating around the X-point. The energy inventory has been investigated in both push merging 3, 25 and pull reconnection. 26, 27 However, the electron temperature tends to be as low as 15 eV for most of the laboratory experiments due to a radiation barrier by low-Z impurities, the presence of invasive probe diagnostics inside the vessel, and convective loss under low guide field conditions. 28 The world's largest merging device MAST 29 (Mega Ampere Spherical Tokamak) achieved remarkable success in those issues. Reconnection heating exceeds $1 keV at maximum both for ions 20 and electrons, 30 with individual ion energies ranging up to several tens of keV, 31 pulse duration time exceeds 100 ms without solenoid, 32 and the merging startup plasma is successfully connected to the quasi-steady and H-mode regime. 33 In addition, the spatial resolution of Ruby and YAG Thomson scattering (TS) systems has a significant advantage with 300 and 130 channels, respectively. [34] [35] [36] In the last decade, the viewing range of ion temperature profile measurement was normally limited to r > 0.8 m due to the innermost impact radius of the neutral beam; 37, 38 however, from 2013 (M9 campaign), MAST-univ. Tokyo collaboration addressed this issue by the temporary repurposing of an existing collecting lens to provide a 32 chord tomographic ion Doppler spectroscopy capability on the midplane with a radial range spanning the diffusion region. 3, 23, 39 Here, this paper addresses the recent major progress of detailed profile measurement of both electron and heating using those fine diagnostics during a high field reconnection experiment in MAST. Figure 1 illustrates the geometric setting of the merging/ reconnection experiment in the MAST spherical tokamak (ST). As visualized in the fast camera images, 40 P3 coils generate initial two toroidal plasma rings at the top and bottom of the vacuum vessel (R wall ¼ 2:0 m) and contribute to drive magnetic reconnection in MAST. 33, [41] [42] [43] [44] The reconnected field forms a thick layer of the closed flux surface downstream, and the field line topology of two plasma rings is changed to a single spherical tokamak configuration after merging. 3, 20, 24 The toroidal field is $0:3-0:8 T the around diffusion region, and the reconnecting field is roughly B rec $ 0:07-0:15 T (B rec $ B p / I p / I P3 45 based on equilibrium fitting/reconstruction (EFIT) 46 of the radial component of poloidal B r field after magnetic reconnection at t ¼ 30 ms), ion skin depth c=x pi $ 0:1 m, ion Larmor radius q i < 0:01 m, and ion cyclotron frequency x ci > 10 Mrad/s. P1 is center solenoid, 47 P2 generates double null divertor configuration after merging, 48 P4 and P5 control radial equilibrium, 32, 49 and P6 coils control the vertical position. . 36 Ruby-TS (TV Thomson) measures a single time frame in a MAST pulse but has advantages of 300 spatial channels and 302 pixels for wavelength ranging 585:10 < k < 901:15 nm with an instrumental function of $10 nm (FWHM) and is used for the confirmation of thermalized electron distribution. 34, 35 In 2013, a new dedicated ion temperature measurement was installed on the midplane (z ¼ 0 mm) with the viewing range of 0.25 m < r < 1.1 m to cover the full reconnection region. 39 As shown in Fig. 2 , the diagnostic system is composed of a collecting lens (f ¼ 200 mm) and optical fibers (400 lm core (silica); NA ¼ 0:22 and 40 m long: the existing equipment 37, 51, 52 was temporarily moved from the sector 7 to the sector 9 midplane viewing port), 32 channel new patch fibers (400 lm core (silica); NA ¼ 0:22 and 5 m long) to transfer the collected spectra to a Czerny-Turner grating spectrometer (focal length f ¼ 1.0 m, grating frequency g ¼ 1800 L/mm, slit width 200 lm), input optics (f ¼ 75 mm and 100 mm), magnifying optics (f k ¼ 75 mm and 75 mm; f space ¼ 75 mm and 30 mm) for the correction of astigmatism, and an EMCCD (electron multiplying CCD:Princeton Instruments: 512 Â 512 pixels, 16 lm/pixel, 2.65 ms/frame for binned 32 spectra and 230.4 ls for the image shift time). For the fast frame rate operation, a ferroelectric liquid crystal FLC shutter was used to reduce the smearing effect, which causes cross-talk for neighboring spectra in the CCD image. In the experiment, the CVI line (C 5þ :k ¼ 529:05 nm) is mainly used, and the time evolution of 32 channel spectra is recorded by 512 pixel wavelength channels typically with 0.0078 nm/pixel. high guide field limit 55 ). The P3 ramp down current I P3 contributes to the formation of initial two plasma rings, and magnetic reconnection starts around 5 ms with a large spike of the dB z =dt signal. For the merging/reconnection configuration, the B r field corresponds to the reconnecting field and B z is affected by the reconnected field, and then dB z =dt detects downstream reconnected flux and has a large spike in microsecond time scale. During this event, 130 channel Thomson scattering measurement of n e and T e was performed at 8 time frames with the interval of 0.1 ms. Before merging (t ¼ 5:2; 5:3 ms), electron temperature is as low as $10 eV and electron density has a peak around the X-point. After t ¼ 5.4 ms, electron temperature rapidly increases at t ¼ 5.5 ms when the dB z =dt signal reaches its maximum and then formed peaked distribution around the X-point where a higher parallel electric field should exist, [56] [57] [58] while the built up electron density around the X-point is transported radially in the outflow region. For the closed flux type reconnection of spherical tokamak (ST) merging, outflow acceleration is damped at downstream and forms a double peak profile with shock-like steep density gradient. Figure 4 shows 2D electron temperature and density profiles during discharges 21374-21380 (P6 coils are used to shift the vertical position of Thomson scattering measurement 50 ) after the fast reconnection event (1:2 m < r sep < 1:3 m for the vertical scan shots at t ¼ 8; 9; 10; 11; 12 ms). The electron temperature profile forms a characteristic peaked structure around the X-point where localized electron acceleration and heating by the parallel electric field are reported in the high guide field laboratory merging (driven reconnection) experiment in UTST (University of Tokyo Spherical Tokamak), [59] [60] [61] while the electron density increases downstream. In contrast to the no guide field experiment in MRX 27, 28 where electron energy gain is quickly transported downstream, the higher toroidal field in MAST strongly 
II. EXPERIMENTAL SETUP

FIG. 3. Typical waveform of I P3
; I p ; r sep , and dB z =dt during merging plasma startup and Thomson scattering measurement of T e and n e profiles. During magnetic reconnection, a large dB z =dt signal was observed by boundary Mirnov coil measurement around r $ 0:2 m, which indicates the change of the B z component by reconnected flux. T e forms a peaked structure during the oscillation, and n e detects particle transport to the outflow direction from the X-point.
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Tanabe et al. Phys. Plasmas 24, 056108 (2017) inhibits the perpendicular heat conduction if, as expected, this scales as of 1=B 2 t , and the established profile is sustained in millisecond time scale. At t ¼ 10 ms, cross-validation with the 300 channel Ruby Thomson scattering measurement is also performed and successfully reproduces the highly localized hot spot around the X-point (peak width is roughly $0:06 m < c=x pi $ 0:1 m) with Maxwellian velocity distribution. On the other hand, the electron temperature profile also forms characteristic high T e area downstream. It is located around the high density region where reconnection outflow should dissipate by the effect of energy relaxation between electrons and ions to equilibrate both temperatures (for example, s E ei $ 4 ms for n e $ 1 Â 10 19 =m 3 and T e $ 100 eV). Figure 5 shows the time evolution of the ion temperature profile. Magnetic reconnection increases ion temperature in the downstream region and more in the high field side. The ion temperature continues to increase downstream for several milliseconds because flow energy is being converted into thermal energy (energy equilibration time both between ionion and ion-impurity is shorter than 1 ms for T i $ 200 eV and n e $ 1 Â 10 19 =m 3 : isotropic rather than anisotropic heating 62, 63 ). Figure 6 illustrates the 2D ion temperature profile in 30366-30368 and 30376-30377. Ion heating mainly occurs in the downstream region globally due to conversion of plasma outflow energy into thermal energy mostly by viscosity dissipation 10, 27 and shock-like compressional damping of outflow jet 20, 24 as in the two fluid simulation, which includes such fundamental collisional viscous dissipation. 43, 44 Smaller ion heating also occurs around the X-point by electron-ion energy equilibration. For the high guide field reconnection experiment in MAST, the ratio of collisional thermal diffu- ). Thus, the better confinement also contributes to the characteristic temperature profile, and outflow heating downstream forms a ring structure of the closed flux surface, 43, 44 enhances the local energy relaxation between ions and electrons in the millisecond time scale of s E ei , and finally contributes to the electron heating in the outflow region. Figure 7 shows the time evolution of more detailed radial profiles of T e , n e , and T i in the comparable time scale of electron-ion energy equilibration time (s 
IV. COMPARISON OF ELECTRON AND ION HEATING
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Tanabe et al. Phys. Plasmas 24, 056108 (2017) temperatures are as low as $10 eV. Just after reconnection (green), electrons are mainly heated around the X-point, while electron density and ion temperature profiles form double peaks in the outflow region. The characteristic different temperature distribution for both is relaxed to each other with millisecond time scale by the collisional coupling between ions and electrons; the electron temperature also increases downstream and ions around the X-point. Finally, both profiles form triple peaks around the X-point and downstream at t $ 12 ms (red). Figure 8 shows the effect of the guide field for electron and ion heating at the characteristic time frame of t ¼ 8 ms for T e and t $ 12 ms for T i , respectively. Both electron and ion temperatures around the X-point increase under higher guide field conditions probably because the higher toroidal field strongly inhibits cross-field thermal transport (scaling as 1=B 2 t ), so that the electrons remain in the region of a high toroidal electric field for longer. With the better confinement, such characteristic distribution also affects the ion temperature profile around the X-point. Because the perpendicular heat conduction of ions is expected to scale as 1=B 2 t , ions also gain energy around the X-point under higher guide field conditions, finally forming a triple peak structure. On the other hand, downstream ion heating does not change as demonstrated in the push (driven) ST merging experiment with intermittent plasmoid ejection in TS-3 3,65 and PIC (particle-in-cell) simulation with a driving electric field. [56] [57] [58] For the operation range of ultra high guide field conditions B t > 0.3 T and B t =B rec > 3 in MAST, outflow dissipation by viscosity damping is suppressed; 66, 67 however, the improved confinement by a higher guide field assists the confinement time of ions in a downstream local closed flux surface and finally damps outflow, and the dissipated flow energy heats ions downstream.
V. CONCLUSION
In the last three years, magnetic reconnection research in the MAST spherical tokamak achieved major progress through the use of new 32 chord ion Doppler tomography and 130 channel YAG and 300 channel Ruby Thomson scattering diagnostics. 2D detailed imaging measurement of both electron and ion temperature profiles around the diffusion region has been achieved for the first time. The new findings in the last three years are summarized as follows:
• High guide field reconnection heats electrons locally around the X-point.
• Ions are heated globally downstream through the dissipation of flow energy of outflow jet and formed ring structure around the closed flux surface downstream.
• Both T e and T i profiles form triple peaks in the thermal relaxation phase by electron-ion energy relaxation.
• Larger B t produces higher T e around the X-point but has a negligible effect on ion heating downstream by better toroidal confinement.
With the better confinement of reconnection heating under high guide field conditions (B t > 0:3 T) and high temperature experimental conditions, which reduces the severe loss by collisional/radiation cooling, the results from MAST clearly revealed the characteristics of reconnection heating, namely, for electron heating as the highly localized peaked structure around the X-point. Ion heating also forms a clear structure of the confinement of outflow heating downstream for the toroidal merging configuration of magnetic reconnection. The fundamental energy equilibration process between ions and electrons after reconnection, which has not been clearly observed even after merging for short pulse laboratory experiments and astrophysical plasma, also affects both temperature profiles with comparable time scale to s E ei , and both electron and ion temperature profiles form triple peak distribution. The toroidal guide field mainly contributes to the formation of the peaked electron temperature profile around the X-point and its contribution to the ion temperature profile while ion heating downstream does not change. Although the absence of direct magnetic probe measurement for the hot plasma limits the detailed discussion of the formation mechanism of the characteristic heating profile, it should be noted that the ultra-fine non-invasive optical diagnostics in MAST successfully reveal the existence of a highly peaked electron temperature profile around the X-point without breaking the structure whose scale is comparable to typical invasive probe diagnostics. In addition, the achieved bulk (downstream) electron temperature became comparable order to ion temperature after the delay of s E ei and succeeded in pioneering the application of reconnection heating for CS-less startup of spherical tokamak even in the ultrahigh guide field regime (B t > 0:3 T), which is preferable for better confinement in practical operation. 
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FIG. 8.
Comparison of electron and ion temperature profiles with different toroidal guide field conditions. The structure of the peaked T e profile becomes steeper with better confinement under high guide field conditions and also contributes to ion heating around the X-point by T i À T e energy transfer, while the downstream ion temperature does not change.
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